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Abstract
Nuclear recoil backgrounds are one of the most dangerous backgrounds for many dark matter experi-
ments. A primary source of nuclear recoils is radiogenic neutrons produced in the detector material itself.
These neutrons result from fission and (α, n) reactions originating from uranium and thorium contamina-
tion. In this paper, we discuss neutron yields from these sources. We compile a list of (α, n) yields for many
materials common in low-background detectors, calculated using NeuCBOT (Neutron Calculator Based On
TALYS), a new tool introduced in this paper, available at https://github.com/shawest/neucbot. These
calculations are compared to computations made using data compilations and SOURCES-4C.
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1. Introduction
Neutron backgrounds are often considered among the dominant backgrounds in many low-background
experiments, such as neutrino-less double β-decay searches and direct dark matter detectors.
Neutrino-less double β-decay experiments generally rely on having a high energy resolution and very
little background near the endpoint of the double β-decay spectrum. While experiments generally take
great paints to avoid having radioactive contaminants that produce a signal in the relevant energy range,
such backgrounds may be produced by neutron interactions. Fast neutrons may produce a signal in the
region of interest as they thermalize, or they may produce γ-rays that can produce such signals when
they capture on detector materials. For example, EXO includes signals produced by neutron captures on
136Xe, 1H, 65Cu, and 63Cu among their dominant backgrounds [1]. Neutron-induced backgrounds such as
the 76Ge(n, γ)77Ge reaction are considered important potential backgrounds in GERDA [2], and neutron
captures on 1H are expected to be among the primary backgrounds in SNO+ [3].
In dark matter experiments looking for Weakly Interacting Massive Particles (WIMPs), electromagnetic
backgrounds such as γ-rays and β-decays are expected to scatter off of electrons in the detector, while
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neutrons and nuclei are expected to scatter on target nuclei. Since WIMPs are expected to produce nuclear
recoils, techniques that discriminate between electron and nuclear recoils are very effective at removing back-
grounds. However, neutron-induced nuclear recoils remain an important background for these experiments,
since they can produce a signal similar to what is expected from WIMPs [4, 5, 6, 7, 8].
Nuclear recoil backgrounds result from α-decays on the inner surface of the detector ejecting a nucleus
into the active volume of the detector or from neutrons scattering in the active volume. Neutrons may be
cosmogenic in origin if they are produced by cosmogenic muons interacting with the environment through
processes such as spallation, or they may be radiogenic, primarily resulting from spontaneous fission of
232Th, 238U, and 235U, or from the (α, n) reaction occurring when α-particles produced in these decay
chains interact with nuclei in the material they are traveling in.
Cosmogenic neutrons are typically mitigated by moving a detector deep underground, where the muon
flux is greatly reduced. External muon vetoes, as described in [9], can be used to tag muons coincident with
nuclear recoils produced by neutrons. A detailed discussion of these backgrounds is provided in [10]. The
focus of this document will be radiogenic neutrons.
Radiogenic neutrons result from nuclear interactions within a given material. While they can be reduced
with careful material selection, some amount will inevitably remain. These neutrons may scatter once in
the sensitive volume of a detector and then leave, producing a signal identical to that expected from a
WIMP. While external veto systems, such as the design discussed in [9, 11], may be able to tag these
backgrounds, a quantitative description of the radiogenic neutron backgrounds in a detector is necessary for
any low-background experiment to understand and minimize its backgrounds.
2. Decay Chains and Secular Equilibrium
In this discussion, we will focus on three decay chains: 232Th, 238U, and 235U. Isotopes in these chains
are expected to produce most of the radiogenic neutron backgrounds present in most low-background experi-
ments. Typically, these experiments strive to reduce their contamination of these isotopes through screening
campaigns, such as γ-ray spectroscopy, as discussed in [12], glow-discharge mass spectrometry, as discussed
in [13], and other techniques.
We will assume secular equilibrium in these chains, with a few exceptions.
Secular equilibrium may be broken where a long-lived gaseous isotope can emanate from a material, where
manufacturing or purification processes may selectively remove some isotopes, where the material may have
been exposed to elements partway down a decay chain, such as may be the case for radon, or where other
chemical proceses may differently affect elements with different chemical properties such as solubility in
water. If these isotopes or their precursors have half-lives longer than the scale of the experiment, it may
not be appropriate to assume secular equilibrium for the entire decay chain. In these cases, we will divide
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the chains into sub-chains in which we expect secular equilibrium to be preserved with respect to the top of
the sub-chain.
In particular, 238U has a half-life of 4.5×109 years and decays to 226Ra, with a half-life of 1600 years,
through four intermediate isotopes. Since 234mPa, one of the precursors of 226Ra, emits a 1 MeV γ-ray that
can be measured experimentally and 226Ra has a 186 keV γ-ray, we split the 238U decay chain into an upper
and lower chain, defining all isotopes before 226Ra to be in the upper chain, and 226Ra and its progeny
to be in the lower chain. One possible explanation for the chain breaking at 226Ra is that radium is an
alkaline earth metal, while its precursors are all actinides. Since these two groups have different chemical
properties, it is possible that some chemical processes can affect these elements differently. Since 226Ra has
a very long half life, secular equilibrium will remain broken if 226Ra is taken out of equilibrium with its
precursors. Furthermore, since 210Pb has a half-life of 22.2 years, far longer than its precursors, excess 210Pb
may accumulate in materials due to 222Rn exposure in the air, causing secular equilibrium to be broken
once again. Therefore, we account for the 210Pb decay chain, consisting of 210Pb and its progeny.
Throughout this document, we will discuss neutron yields in terms of neutrons produced per decay of
the top of the decay chain. For a decay chain in secular equilibrium, this includes neutrons produced by all
of the isotopes in this chain, weighted by the relevant branching ratios.
3. Direct Neutron Emission and Spontaneous Fission
While the primary focus of this document will be on neutrons produced by the (α, n) process, it is
worth drawing attention to two other processes that produce radiogenic neutrons: direct neutron emission
and spontaneous fission. The rates of both of these processes depend only on the amount of uranium and
thorium present in each detector component, and not on the material in which the contamination is present.
In materials with particularly low (α, n) cross sections, these other processes may contribute significantly to
the neutron background. We therefore discuss these radiogenic neutron sources for comparison.
214Bi α-decays to 210Tl with a branching ratio of 0.021%, which then β-decays to 210Pb. There is a
0.007% chance that this β-decay will go to an excited state of 210Pb, which decays by emitting a 200–
260 keV neutron to 209Pb [14]. Due to these branching ratios, we expect to see these neutrons in ∼1.5×10−8
of all decays of the lower 238U chain.
Heavy nuclei that ordinarily α-decay may instead fission into smaller nuclei. When this happens, many
particles may be ejected as well, including several MeV-scale γ-rays and some number of neutrons. The
distribution of the number of γ-rays produced is discussed in [15], and the distribution of the number
of neutrons emitted is discussed in [16]. These studies showed that the number of neutrons emitted in
the spontaneous fission of 238U can be modeled by a Gaussian distribution with a cutoff at 0, a mean of
2.05±0.04, and a standard deviation of 1.04±0.03.
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These fission reactions are described in Table 1, which summarizes the spontaneous fission branching
ratio BRSF, the mean neutron kinetic energy 〈E〉, the mean neutron multiplicity 〈ν〉, and the total number
of neutrons produced per second per Becquerel of each decay chain for each isotope in these chains that may
undergo spontaneous fission.
Table 1: Spontaneous fission branching ratios, mean neutron energies in MeV, mean neutron multiplicities, and neutron yields
in n/s/Bq, calculated using SOURCES-4C.
Chain Iso. BRSF 〈E〉 〈ν〉 Yield
232Th 232Th 1.80E-11 1.60 2.14 3.85E-11
238U
238U 5.45E-07 1.69 2.01 1.10E-06
234U 1.64E-11 1.89 1.81 2.97E-11
230Th 3.8E-14 1.71 2.14 8.13E-14
235U
235U 1.60E-03 1.89 1.93 3.09E-13
231Pa 7.00E-11 1.93 1.86 1.30E-10
4. (α, n) Neutrons
The (α, n) reaction occurs predominantly in low-to-mid-Z materials with contamination from α-emitting
isotopes. When these isotopes decay, the emitted α particle may capture on another nucleus in the material
to form a compound nucleus, which may decay by neutron emission. For the calculations discussed here,
we consider a thick target in which the α particle captures in the same material in which it was produced.
Calculations of the neutron yield from the (α, n) reaction (i.e., the (α, n) yield) therefore depend on the
energy spectra of α-decays and the elemental and isotopic composition of the material. These calculations
also depend on the stopping power of α particles of a given energy in the material as well as the (α, n) cross
sections and the structure of nuclei involved in these reactions.
While these neutrons are sometimes accompanied by a γ-ray, either correlated with the decay of the α-
emitter or from the relaxation of the final nucleus, neutrons are also often produced alone. This possibility
may make (α, n) neutrons particularly troublesome backgrounds, as there may be no accompanying signal
to help tag the neutron. The rest of this document will therefore be focused on calculating (α, n) yields,
including the introduction of NeuCBOT as a tool for calculating these yields (see Section 4.2). In order
to benchmark NeuCBOT against other standards, we will calculate (α, n) yields for several materials using
NeuCBOT and compare these yields to calculations performed using measured yields on individual isotopes
(see Section 4.3) as well as yields and neutron energy spectra predicted by SOURCES-4C (see Section 4.4).
4.1. Materials Considered
The (α, n) reaction rate and neutron spectrum depend on both the energy of the α particle being emitted
and the various nuclei with which the emitted α particle interacts. Since the (α, n) reaction depends on
the nuclei with which the emitted α particle may interact, either through their contribution to the stopping
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Table 2: Material compositions used in (α, n) calculations.
Material Composition (% mass) Composition (% element)
Acrylic
H C O H C O
8.1 60.0 31.9 53.3 33.3 13.3
Alumina
Al O Al O
52.9 47.1 40.0 60.0
Aluminum
Al Al
100 100
Argon
Ar Ar
100 100
Be-Cu Alloy
Be Ni Cu Be Ni Cu
0.4 1.8 97.8 2.7 1.9 95.4
Borosilicate Glass — —
Brass
Cu Zn Cu Zn
63 37 63.7 36.3
Cirlex
H C N O H C N O
2.6 69.1 7.3 20.9 25.4 56.6 5.1 12.9
Copper
Cu Cu
100 100
Fused Silica
Si O Si O
46.7 53.3 33.3 66.7
Kovar
Fe Ni Co Mn Si Fe Ni Co Mn Si
52.5 29 17 0.3 0.2 41.69 21.92 12.79 0.24 0.32
C Al Mg Zr Ti C Al Mg Zr Ti
0.02 0.1 0.1 0.1 0.1 22.15 0.16 0.18 0.05 0.09
Cu Cr Mo Cu Cr Mo
0.2 0.2 0.2 0.14 0.17 0.09
NUV-HD Silicon Si O Al Ti Si O Al Ti
Photomultipliers 99.27 0.5 0.2 0.03 98.90 0.87 0.21 0.02
Polyethylene H C O H C O
Terephthalate (PET) 4.2 62.5 33.3 36.4 45.4 18.2
PTFE
C F C F
24.0 76.0 33.3 66.7
Solder
Sn Ag Cu Sn Ag Cu
96.5 3.0 0.5 95.8 3.3 0.9
Stainless Steel
C Cr Mn Ni P C Cr Mn Ni p
0.04 18 2 8 0.05 0.2 18.8 2.0 7.4 0.1
S Si N Fe S Si N Fe
0.03 1 0.1 70.9 0.1 1.9 0.4 69.1
Titanium
Ti Ti
100 100
Viton
H C F H C F
0.9 28.1 71.0 13.3 33.3 53.4
Xenon
Xe Xe
100 100
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power or through the (α, n) reaction itself, it is therefore important to define the chemical compositions of
the materials for which we are calculating (α, n) yields.
We summarize the chemical compositions used for these calculations in Table 2. The same chemical and
isotopic compositions were used for calculations performed using NeuCBOT, SOURCES-4C, and measured
yields. Notably, SOURCES-4C requires that elemental and isotopic compositions be specified by the fraction
of total atoms and nuclei that are a given element or isotope. The mass fractions given in Table 2 were
therefore converted to isotopic fractions for SOURCES-4C calculations. For each element, we assume natural
isotopic abundances as reported in [17].
Since the same material compositions were assumed for calculations performed using NeuCBOT, mea-
sured yields, and SOURCES-4C, uncertainties in material compositions do not affect the comparison between
the three different methods. Nevertheless, in order to understand the uncertainties in the yields reported
in this document, we discuss the uncertainties in these material compositions, based on typical tolerances
reported in literature.
While there are multiple Be-Cu alloys, the composition used here is the one reported by Materion [18]
for the PROtherm material. Based on the uncertainties in the chemical composition reported by Materion,
we estimate a ∼ 47% uncertainty in the total (α, n) yield due to uncertainties in the chemical composition.
The composition of borosilicate glass was provided by Hamamatsu Photonics through private commu-
nications, and we were asked not to disseminate this information. While we cannot provide the actual
composition here, the composition we assumed is that used by Hamamatsu in the stems (backplates with
leads) of their R11065 photomultiplier tubes. The (α, n) yield of borosilicate glass is dominated by boron,
followed by lithium and aluminum. Based on the uncertainties in the chemical composition reported by
Hamamatsu, we estimate a 5.7% uncertainity in the total (α, n) yield.
There are several different alloys of brass. For these calculations, we assumed a chemical composition typ-
ical of the “common brass” alloy. Based on typical tolerances reported in the composition of common brass,
we estimate a 6.3% uncertainty in the total (α, n) yield due to uncertainties in the chemical composition.
Cirlex is an adhesiveless Kapton (polymide) laminate used in low-background circuit boards, and Viton
is a fluoropolymer rubber that is commonly used to make o-rings. The chemical compositions used for these
calculations are from the NIST ESTAR database [19]. We assume that the uncertainty in the chemical
composition of these materials is small.
Kovar is a metal alloy designed to have the same thermal expansion coefficient as borosilicate glass, used
in the outer shell of some Hamamatsu photomultiplier tubes. The composition used for these calculations
is reported by the Carpenter Technology Corporation [20]. Based on the uncertainties in the chemical
composition reported in [20], we estimate a 0.01% uncertainty in the total (α, n) yield due to uncertainties
in the chemical composition.
The chemical composition used for silicon photomultipliers in calculations was provided by Fondazione
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Bruno Kessler, for their NUV-SD devices. We assume that the uncertainty of the chemical composition of
these devices is small.
The solder composition used for these calculations is based on the SAC305 ALPHA-Lo® alloy produced
by Pure Technology, which is used in the Indium3.2 lead-free solder produced by the Indium Corporation.
Based on uncertainties in the chemical composition reported by Pure Technology, we estimate a 0.02%
uncertainty in the total (α, n) yield due to uncertainties in the chemical composition.
For stainless steel, we used the nominal composition of 304L stainless steel reported by [21], assuming all
elements whose compositions are given as upper bounds are at their limits. Based on the ranges provided
for the concentrations of each constituent element, we estimate 3% uncertainty in the (α, n) yield due to
uncertaintes in the chemical composition.
4.2. Calculation using NeuCBOT
To determine the (α, n) yield of materials exposed to a given list of α particle energies or α-emitting
nuclei, we have written a program that compiles output from TALYS [22] with nuclear decay information
from the ENSDF database [23] and stopping power calculations from SRIM [24].
We call this program NeuCBOT (Neutron Calculator Based On TALYS). It can be downloaded at
https://github.com/shawest/neucbot.
SRIM is a program written by Ziegler et al. for simulating ion propagation in materials, based on the
work in [24].
TALYS is a general nuclear reaction simulation program that uses nuclear structure data and theoretical
models to calculate nuclear reaction cross sections and emission spectra for a projectile particle at a given
energy impinging upon a specific target nucleus. Validation of this code is discussed in [22]. TALYS uses the
nuclear structure of the target, compound, and daughter nuclei to predict the cross sections for forming all of
the energetically accessible excited states of the daughter nucleus, and the effects of the daughter nucleus’s
energy level are propagated into the outgoing neutron spectrum. These effects are propagated through the
calculations performed by NeuCBOT using the TALYS data.
Since (α, n) yields may vary a lot between different target isotopes of a given element, we consider each
target isotope in the material separately. If target isotope i has a number density equal to ηi, the yield
Yi(Eα, En) of neutrons at energy En by an α particle with energy Eα that travels a distance dx is given by
Yi(Eα, En) = ηiσi(Eα, En)dx, (1)
where σi(Eα, En) is the cross section for this particular interaction. If the material has a total density ρ,
we define the mass stopping power as S(E) = − 1ρ dEdx . Performing a change in variables and integrating over
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Eα as the α particle slows down gives
Y αi (En) =
ηi
ρ
∫ Eα
0
σi(E
′
α, En)
S(E′α)
dE′α
=
NACi
Ai
∫ Eα
0
σi(E
′
α, En)
S(E′α)
dE′α,
(2)
where Y αi (En) denotes the thick-target yield of neutrons of energy En from a given α particle (of initial
energy Eα) in the decay chain, NA is Avogadro’s number, Ci is the mass fraction of isotope i in the material,
and Ai is the mass number of the target isotope. The total yield for a material can then be found by summing
over the yield of each of the target isotopes
Y α(En) =
∑
i
Y αi (En). (3)
If we wish to determine the neutron yield of a decay chain consisting of several α particles, we define Pα
to be the probability of an α particle appearing in a decay of the decay chain, based on the branching ratio
for the parent source isotope being produced and the branching ratio for the parent source isotope to decay
to an α particle of this Eα. The total yield of neutrons of energy En is then given by
Y (En) =
∑
α
PαY
α(En). (4)
The total number of neutrons produced at any energy is the integral of Y (En) over the entire neutron energy
spectrum.
The output of TALYS is the (α, n) total cross section for an α particle of specified energy reacting with
the specific target nucleus, the individual cross sections for each excited state that the daughter nucleus may
occupy after the reaction, cross sections for each γ-ray that may be produced in this reaction, and the energy
spectrum of outgoing neutrons. The last quantity is determined by energy and momentum conservation for
each daughter nucleus energy level and the corresponding cross section.
TALYS performs all of its calculations at the specified α energy; it does not simulate the α particle slowing
down. The output of TALYS is thus the σi terms in Equation 2. It is therefore necessary to integrate over
the track of the α particle as it slows down. This treatment differs from that presented in [25], which uses
the output of TALYS directly as the integral, resulting in neutron spectra that predict a higher rate of
neutrons at higher energies compared to NeuCBOT and SOURCES-4C. It also introduces uncertainties in
the total neutron yield calculation, though we have not observed a consistent trend compared to NeuCBOT.
We have compiled a library of (α, n) reaction cross sections and neutron spectra generated by TALYS
for most naturally occurring isotopes for α particle energies ranging from 0–10 MeV in 10 keV increments.
This range is the energy range of α decays in the naturally occurring uranium and thorium decay chains
and is therefore the most relevant to computing (α, n) neutron background rates.
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In order to calculate (α, n) yields for an arbitrary material, NeuCBOT allows the user to specify a material
composition. The user may do so either by giving each isotope and its mass fraction in the material, or by
specifying the elemental composition of the material and the mass fraction of each element. In the latter
case, the natural abundance of each isotope is looked up from a table published in [17], and these abundances
are used to determine the isotopic composition of the material. The mass fractions and mass numbers of
each isotope are used as Ci and Ai, respectively, in Equation 2.
The list of α particle energies and relative intensities can be specified in one of two ways. The user may
directly specify these values, or they may provide a list of α-emitting isotopes and their relative probabilities
of appearing. The latter case is useful for simulating decay chains; the specified probabilities may be chosen
as the isotopes’ probabilities of appearing in the decay chain. In this case, a list of α particle energies
and branching ratios is looked up for each isotope from the ENSDF database [23]. To speed up future
computations, ENSDF data files are saved into a local library, so they only need to be retrieved once. These
α particle energies and probabilities are used to define Eα in Equation 2, and Pα in Equation 4, respectively.
Total neutron yields can be calculated by integrating over the full neutron energy spectrum or by in-
tegrating over the total cross sections calculated by TALYS. These two methods typically agree to within
1–5%, deviating primarily due to uncertainties introduced in the Riemann integration and the finite reso-
lution imposed by the binning of the neutron energy spectrum. The total yields output by NeuCBOT are
therefore provided by the integral over the total cross sections.
NeuCBOT calculates the neutron yield and energy spectrum for each α particle as it slows down in
a material and interacts with each isotope present, assuming a homogeneous composition (i.e., that each
isotope is uniformly distributed in the material), using Equation 2. The mass stopping powers S(Eα) are
read from a library generated by SRIM as the α particle is integrated over its track as it slows down. This
integral is approximated with a Riemann sum. The total yield of all neutrons of energy En is then found
by summing over αenergies and isotopes, as described by Equations 3 and 4.
Other information about the (α, n) reaction, including excited nuclear states and associated coincident
γ-rays are included in the TALYS-generated database in NeuCBOT.
This code, along with several example neutron energy spectra, are discussed in much detail in [26].
Neutron yield calculations for several common detector materials whose compositions are given in Table 2
are shown in Table 6. The decay chains for which neutron yields were computed in this table are described in
Section 2. The 238Ulower chain in this table includes contributions from
210Pb and below; the 210Pb column
lists these contributions separately for cases where equilibrium is broken.
4.3. Calculations from Measured Yields
Various groups have published compilations of measured (α, n) yields. In the present discussion, we will
draw from the compilations made by [27, 28] for elements between lithium and iron, and the compilation
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made by [29] for heavier metals. The sets of measurements from which we drew each (α, n) yield are
summarized in Table 3. For these calculations, we assume the material compositions given in Table 2.
Table 3: References for (α, n) yield measurements for different elements
Reference Elements
Heaton et al. [27] Al, Be, B, C, F, Fe, Li, Mg, N, O, Si, Na
Roughton et al. [28] Mn, Ti
Stelson & McGowan [29] Co, Cu, Mo, Ni, Ag, Zn, Zr
As discussed in these compilations, these measurements are difficult to perform. As a result, these
measurements report uncertainties in the range of 10–20%, and different groups measuring the (α, n) yield
of the same isotopes often report yields differing by up to 40%.
Some of the datasets used in these calculations reported neutron yields for elements, assuming all of their
isotopes were present at their natural abundance, while others report neutron yields for individual isotopes.
In the later case, we assumed that isotopes were present in their natural abundances, as reported in [17], and
combined these yields to get the average elemental neutron yield, which we use for this comparison. Nuclear
decay data, including α energies and probabilities, are determined using the Evaluated Nuclear Structure
Data Files (ENSDF) [23].
When combining measured or calculated thick-target neutron yields over several isotopes to determine the
yield of a composite material, it is important to note that the mass stopping power relevant in determining
the (α, n) yield of a material is that material’s stopping power. However, measurements made on individual
elements are determined by the stopping power of that element alone. In other words, the denominator of
Equation 2 is Si(E) for each individual isotope being summed over, while it is S(E) =
∑
i Si(E) for the
composite material.
To account for this difference, we follow the prescription described in [27], and rewrite Equation 2 as
Y αi =
NACi
Ai
∫ Eα
0
Si(E
′
α)
S(E′α)
σi(E
′
α, En)
Si(E′α)
dE′α
≈ NACi
Ai
Si(E
′
α)
S(E′α)
∫ Eα
0
σi(E
′
α, En)
Si(E′α)
dE′α
= Ci
Si(E
′
α)
S(E′α)
Y˜ αi ,
(5)
where Y˜ αi is the measured neutron yield for isotope i. The approximation in the second line relies on the
assumption that Si(E
′
α)/S(E
′
α) is approximately constant as the α particle slows down—that is to say that
the stopping power of each isotope in the material has approximately the same functional form and they
differ only by a constant factor [27].
For this calculation, we assume Bragg’s rule for the additivity of stopping powers for the compounds
discussed here, which we expect to be a safe assumption [27]. The validity of Bragg’s rule is discussed in [30].
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Heaton et al. estimate that the assumption that Si(E
′
α)/S(E
′
α) is approximately constant introduces an
uncertainty ∼ 5% for Eα in the range of 3–10 MeV, where (α, n) neutrons are most likely to be produced.
However, the uncertainty is likely higher for lighter nuclei such as carbon and beryllium.
We use SRIM to calculate the stopping power of each individual element in the material. Heaton et al.
estimate a ∼ 5% uncertainty in the final neutron yield calculations obtained this way due to uncertainties
in SRIM.
Table 4: Isotopes missing from the SOURCES-4C and data compilation calculations presented here. Where only a chemical
symbol is given, all isotopes of that element are missing. Li data was only available in SOURCES-4C at low energies, and was
included in the 210Pb and 238Uupper chains.
Argon
Data Ar
SOURCES-4C 36Ar, 38Ar
Be-Cu Alloy Data 61Ni, 64Ni
Borosilicate Glass
Data Ba
SOURCES-4C Ba
Brass
Data 67Zn
SOURCES-4C Zn
Kovar
Data Cr, 47Ti, 61Ni, 64Ni
SOURCES-4C Zr, Mo
Solder
Data Sn
SOURCES-4C Ag, Sn
Stainless Steel
Data Cr, P, S, 61Ni, 64Ni
SOURCES-4C S,
Titanium Data 47Ti
Xenon
Data Xe
SOURCES-4C Xe
The results of these calculations for several materials common in low-background experiments are sum-
marized in Table 6, where they are compared to NeuCBOT calculations. While these results are derived
from measured yields, they are limited by the availability of data. Table 4 summarizes the isotopes for which
we were lacking data for each material whose calculations are presented here. Missing isotopes were omitted
from these calculations. These calculations are limited by experimental uncertainties and the uncertainties
related to stopping powers discussed above. Additionally, these calculations do not provide neutron spectra,
which are necessary for simulating and understanding the neutron backgrounds.
4.4. Calculations using SOURCES-4C
In addition to comparing NeuCBOT neutron yields to the aforementioned data compilations, we used
SOURCES-4C, developed by Los Alamos National Laboratory, to calculate (α, n) yields of various materials.
Validation of SOURCES-4C and the underlying code is discussed at length in [31]. Calculations presented
here use the material compositions given in Table 2.
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In summary, SOURCES-4C allows the user to specify a material composition and a set of α-emitting
isotopes. It uses (α, n) cross section and product branching ratio data libraries as well as stopping power
calculations to simulate the (α, n) reaction in the target material.
By default, SOURCES-4C only contains (α, n) cross sections for α energies below 6.5 MeV, and data
for many important isotopes is missing entirely. However, since the input data can be modified by the
user, (α, n) cross sections may be added to extend the libraries. For the comparisons presented here,
SOURCES-4C was extended using cross section calculations and measurements from the Japanese Evaluated
Nuclear Data Library (JENDL) [32], the EMPIRE-2.19 nuclear reaction code [33], and the work by Stelson
& McGowan [29]. It should be noted that much of the data in JENDL come from the same measurements
used in the calculations discussed in Section 4.3; the SOURCES-4C and data calculations are therefore not
completely independent. Table 5 shows which reference was used for each element in these calculations.
Table 5: References for (α, n) yield measurements for different elements, as added to the SOURCES-4C libraries.
Reference Elements
EMPIRE-2.19 [33] Mg, P, Ar, Ti, Mn, Fe, Ni
JENDL [32] Li, Be, B, C, N, O, F, Na, Al, Si
Stelson & McGowan [29] Co, Cu
Despite these additions, data for some isotopes was still missing. These isotopes were omitted from
the SOURCES-4C yield calculations presented here, and are summarized in Table 4. The results of these
SOURCES-4C computations are summarized in Table 6.
4.5. NeuCBOT Validation and Comparisons
Figure 1 shows a scatter plot comparing various (α, n) yield measurements and SOURCES-4C calcu-
lations to NeuCBOT calculations. Qualitatively, this figure shows a strong correlation between data and
NeuCBOT calculations over several orders of magnitude. We see that NeuCBOT tends to systematically
predict higher yields. An overall evaluation of how NeuCBOT calculations tend to compare with the ref-
erences show that NeuCBOT yield calculations tend to be systematically higher by ∼ 27%, with a ∼ 35%
root mean square on this deviation.
We have found the the outgoing neutron energy spectra predicted by SOURCES-4C and NeuCBOT agree
closely, with those generated by NeuCBOT predicting slightly more structure than is seen in the spectra
predicted by SOURCES-4C. A comparison between the spectra predicted for boron, fluorine, chromium,
and iron can be seen in Figure 2. More examples are provided in [26].
5. Conclusions
We introduce NeuCBOT, a new tool presented here that calculates (α, n) yields in arbitrary materials.
We have used NeuCBOT to calculate (α, n) yields in many materials commonly used in low-background
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Figure 1: A scatter plot comparing the (α, n) yields calculated by NeuCBOT to various benchmark measurements and calcula-
tions, for α exposures ranging in energy from 3–11 MeV. The straight black line is x = y, showing where this calculator agrees
with a benchmark perfectly. Solid dots represent measurements presented in [27], squares in [29], triangles pointing up in [34],
and hollow circles in [28]; triangles pointing down are calculations done by SOURCES-4C. References that reported yields per
isotope were compared to NeuCBOT calculations for that isotope; references that reported yields per element were compared to
NeuCBOT assuming natural abundances described in the text; SOURCES-4C comparisons were done for elements with these
natural abundances. Different colors correspond to measurements done on different target elements; progressions of points the
same shape and color represent yields varying over energy.
experiments due to 238U,235U, and 232Th contamination. We have compared these calculations to calcula-
tions made using measured yields and those performed by SOURCES-4C. While we found that NeuCBOT
tends to predict yields systematically higher than these other two tools by ∼ 30%, it can provide (α, n)
background rate estimates and spectra without being constrained by the availability of measurements.
For completeness, we also include a discussion of other radiogenic production rates due to these contam-
inants.
This code is available for general use. Documentation and the code can be downloaded at
https://github.com/shawest/neucbot.
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Table 6: (α, n) yields determined by NeuCBOT, compared data compilations and SOURCES-4C. Entries with a dash were
not possible to calculate due to lacking data. The 238Ulower chain includes equilibrium contributions from
210Pb and below.
∗Indicates calculation was done with one or more isotope neglected from the computation due to lacking data.
232Th 235U 238Uupper 238Ulower
210Pb
n/s/Bq
Acrylic
NeuCBOT 1.33×10−6 1.42×10−6 2.19×10−7 9.72×10−7 1.16×10−7
Data 9.11×10−7 9.28×10−7 1.07×10−7 6.32×10−7 6.46×10−8
SOURCES-4C 2.42×10−6 2.70×10−6 3.41×10−7 1.83×10−6 2.08×10−7
Alumina
NeuCBOT 2.21×10−5 2.01×10−5 5.14×10−7 1.38×10−5 7.35×10−7
Data 8.54×10−6 8.54×10−6 2.11×10−7 5.96×10−6 2.82×10−7
SOURCES-4C 9.87×10−6 8.55×10−6 2.24×10−7 6.17×10−6 2.99×10−7
Aluminum
NeuCBOT 4.53×10−5 4.12×10−5 1.00×10−6 2.83×10−5 1.49×10−6
Data 1.99×10−5 1.19×10−5 3.37×10−7 1.19×10−5 5.26×10−7
SOURCES-4C 1.95×10−5 1.67×10−5 3.49×10−7 1.21×10−5 5.46×10−7
Argon
NeuCBOT 2.64×10−5 1.72×10−5 8.82×10−8 1.41×10−5 2.26×10−7
Data∗ — — — — —
SOURCES-4C∗ 2.21×10−5 1.48×10−5 1.77×10−7 1.18×10−5 2.31×10−7
Be-Cu Alloy
NeuCBOT 6.22×10−6 6.72×10−6 1.58×10−6 4.66×10−6 7.59×10−7
Data∗ 5.01×10−6 5.26×10−6 8.29×10−7 3.61×10−6 4.86×10−7
SOURCES-4C 4.86×10−6 5.30×10−6 8.41×10−7 3.66×10−6 4.98×10−7
Borosilicate Glass
NeuCBOT 2.43×10−5 2.56×10−5 3.93×10−6 1.76×10−5 2.25×10−6
Data∗ 1.33×10−5 1.41×10−5 2.25×10−6 9.79×10−6 1.32×10−6
SOURCES-4C∗ 1.37×10−5 1.45×10−5 2.38×10−6 1.08×10−5 1.46×10−6
Brass
NeuCBOT 3.06×10−7 1.42×10−8 6.52×10−14 2.58×10−8 5.72×10−13
Data∗ 1.81×10−7 1.19×10−8 0 2.31×10−8 0
SOURCES-4C∗ 1.59×10−7 9.44×10−9 0 1.82×10−8 0
Cirlex
NeuCBOT 3.09×10−6 2.57×10−6 2.66×10−7 2.01×10−6 1.39×10−7
Data 1.64×10−6 1.41×10−6 1.20×10−7 1.04×10−6 7.26×10−8
SOURCES-4C 1.61×10−6 1.43×10−6 1.22×10−7 1.08×10−6 7.49×10−8
Copper
NeuCBOT 3.86×10−7 1.71×10−8 0 3.17×10−8 0
Data 2.13×10−7 1.47×10−8 0 2.88×10−8 0
SOURCES-4C 2.53×10−7 1.50×10−8 0 2.90×10−8 0
Fused Silica
NeuCBOT 1.81×10−6 1.64×10−6 7.58×10−8 1.15×10−6 7.91×10−8
Data 1.47×10−6 1.37×10−6 8.27×10−8 9.41×10−7 7.23×10−8
SOURCES-4C 1.47×10−6 1.44×10−6 8.59×10−8 9.95×10−7 7.41×10−8
Kovar
NeuCBOT 1.22×10−6 2.81×10−7 3.22×10−9 3.29×10−7 4.05×10−9
Data∗ 1.14×10−6 2.62×10−7 2.19×10−9 3.31×10−7 2.56×10−9
SOURCES-4C∗ 9.24×10−7 3.59×10−7 1.78×10−8 3.36×10−7 1.25×10−8
NUV-HD NeuCBOT 3.51×10−6 3.07×10−6 7.77×10−8 2.16×10−6 1.19×10−7
Silicon Data 2.63×10−6 2.31×10−6 6.45×10−8 1.59×10−6 9.24×10−8
Photomultipliers SOURCES-4C 2.58×10−6 2.38×10−6 6.71×10−8 1.66×10−6 9.18×10−8
Polyethylene Terephthalate
NeuCBOT 1.48×10−6 1.58×10−6 2.45×10−7 1.08×10−6 1.30×10−7
Data 1.01×10−6 1.03×10−6 1.19×10−7 7.01×10−7 7.18×10−8
SOURCES-4C 1.03×10−6 1.11×10−6 1.22×10−7 7.56×10−7 7.49×10−8
PTFE
NeuCBOT 1.27×10−4 1.31×10−4 1.16×10−5 8.85×10−5 9.37×10−6
Data 9.26×10−5 9.56×10−5 8.15×10−6 6.46×10−5 6.33×10−6
SOURCES-4C 8.94×10−5 9.53×10−5 7.19×10−6 6.40×10−5 6.08×10−6
Solder
NeuCBOT 2.53×10−9 1.11×10−10 0 2.06×10−10 0
Data∗ 1.37×10−9 9.53×10−11 0 1.87×10−10 0
SOURCES-4C∗ 1.64×10−9 9.68×10−11 0 1.87×10−10 0
Stainless Steel
NeuCBOT 1.96×10−6 4.42×10−7 1.31×10−9 5.52×10−7 2.14×10−9
Data∗ 1.25×10−6 2.85×10−7 1.04×10−9 3.73×10−7 1.43×10−9
SOURCES-4C∗ 1.57×10−6 3.59×10−7 1.14×10−9 4.38×10−7 1.72×10−9
Titanium
NeuCBOT 7.34×10−6 2.58×10−6 2.89×10−9 2.81×10−6 1.17×10−8
Data∗ 6.30×10−6 2.75×10−6 0 2.60×10−6 2.13×10−8
SOURCES-4C 5.41×10−6 1.93×10−6 2.19×10−9 2.05×10−6 8.56×10−9
Viton
NeuCBOT 1.15×10−4 1.19×10−4 1.06×10−5 8.07×10−5 8.53×10−6
Data 8.44×10−5 8.72×10−5 7.43×10−6 5.89×10−5 5.77×10−6
SOURCES-4C 8.11×10−5 8.65×10−5 6.52×10−6 5.81×10−5 5.51×10−6
Xenon
NeuCBOT 6.15×10−12 1.24×10−14 0 1.25×10−13 0
Data∗ — — — — —
SOURCES-4C∗ — — — — —
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